The RNA-directed DNA polymerase (deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase EC 2.7.7.7) of avian oncornaviruses requires a tryptophan tRNA (tRNATrP) (8) and the precise mechanism of proviral DNA synthesis in vivo. Regarding the latter issue, if the tRNATrP primer RNA required for reverse transcription in vitro is also responsible for the initiation of proviral DNA synthesis in vivo, then, in order for the complete transcription of the avian oncornavirus genome to occur, either the 5' and 3' termini of the 35S RNA subunit species comprising the 70S RNA complex are maintained in proper endto-end alignment with each other, or the 5' terminus of a single 35S RNA subunit species comes in juxtaposition with its own 3' terminus (7). Although the oncornavirus genome is ultimately converted in vivo into a circular form of provirus DNA representing a complete transcript of 35S RNA (9, 10), the mechanism by which this circularization event occurs is presently unknown. In this communication we present data frQm our studies on the mechanisms of RNA-directed DNA synthesis in vitro suggesting that the 5' and 3' termini of individual 35S RNA subunits become juxtaposed either before or immediately after DNA synthesis has begun.
tain nucleotide sequences complementary to the 3' end of the genome. We have interpreted these results to mean that the 3' and 5' termini of the AMV 35S RNA genome become juxtaposed with each other either before or immediately after DNA synthesis has begun. These results are discussed in regard to the mechanism for synthesis of the circular forms of oncornavirus proviral DNA. Initiation of DNA transcription of the avian oncornavirus 70S RNA genome occurs on a 4S RNA molecule exhibiting structural and aminoacylation properties of tryptophan tRNA (tRNATrP) (1) (2) (3) (4) (5) (6) . The recent localization of this primer RNA species at or near the 5' end of the avian oncornavirus genome (ref. 7 ; K. A. Staskus, M. S. Collett, and A. J. Faras, submitted for publication) raises several interesting questions regarding both the limitations and restrictions of reverse transcription in vitro (8) and the precise mechanism of proviral DNA synthesis in vivo. Regarding the latter issue, if the tRNATrP primer RNA required for reverse transcription in vitro is also responsible for the initiation of proviral DNA synthesis in vivo, then, in order for the complete transcription of the avian oncornavirus genome to occur, either the 5' and 3' termini of the 35S RNA subunit species comprising the 70S RNA complex are maintained in proper endto-end alignment with each other, or the 5' terminus of a single 35S RNA subunit species comes in juxtaposition with its own 3' terminus (7) . Although the oncornavirus genome is ultimately converted in vivo into a circular form of provirus DNA representing a complete transcript of 35S RNA (9, 10) , the mechanism by which this circularization event occurs is presently unknown. In this communication we present data frQm our studies on the mechanisms of RNA-directed DNA synthesis in vitro suggesting that the 5' and 3' termini of individual 35S RNA subunits become juxtaposed either before or immediately after DNA synthesis has begun.
MATERIALS AND METHODS
Reagents and Virus. The sources and preparation of most of the pertinent materials have been previously described (1, 3, 11 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) Ci/mmol). Unless otherwise indicated, the reactions were incubated at 370 for 2 hr and analyzed for perchloric-acidprecipitable radioactivity as described previously (13 The 5' end location of the primer site on the AMV genome implies that the bulk of the DNA transcripts synthesized in response to tRNATrP as primer on the AMV genome should also be found at the 5' end of the genome. To directly prove this contention we have reannealed purified primer RNA to poly(A)-containing fragments of the AMV genome and incubated the resultant template-primer complexes in a brief enzymatic reaction containing the AMV DNA polymerase to synthesize DNA. The DNA products of the reaction were then analyzed to determine the size-class of RNA fragments with which they were associated. As can be seen in Fig. 2A the bulk of the DNA transcripts sediment only with poly(A)-containing fragments of near genome-length in size, indicating their association with the 5' end of the AMV genome. Denaturation of the DNA product-poly(A)-containing RNA complex prior to sedimentation releases DNA that remains at the top of the sucrose gradient, indicating that these DNA transcripts are small and that the sedimentation profile presented in Fig. 2A is not due to the presence of long DNA transcripts (14) . Furthermore, all of these DNA transcripts band at a density intermediate to that of RNA and DNA in Cs2SO4, indicating their covalent association with primer RNA (data not shown). The exact size of these DNA transcripts released from template and primer RNA by alkaline hydrolysis ranged between 50 and 150 nucleotides as demonstrated by their relative electrophoretic mobilities in polyacrylamide gels (Fig. 3) .
In an effort to determine whether these DNA transcripts synthesized on the 5' end of the AMV RNA genome are complementary to the 3' end of the genome, the DNA in the 35S region of the sucrose gradient in Fig. 2A was treated with alkali to remove RNA and then annealed to all of the various size-classes of poly(A)-containing fragments of the AMV genome. As can be seen in Fig. 2B the DNA transcripts recovered from the 5' terminus of the AMV genome hybridized equally as well to the large-and small-size classes of poly(A)-containing fragments, indicating that these 5' terminally located transcripts contain sequences complementary to the 3' terminus of the AMV genome.
Since the DNA transcripts synthesized under these reaction conditions contain several discrete size-classes which can easily be resolved from one another by electrophoresis in 10% polyacrylamide gels (Fig. 3) , an experiment was performed to determine the minimum size-class of DNA transcripts containing the nucleotide sequences complementary to the 3' termini. The DNA from the three major regions of the gel was eluted and hybridized to total poly(A)-containing fragments and poly(A)-containing fragments less than 4500 nucleotides in length (<28 S). From the data presented in (0) the heptanucleotide (A-A-T-G-A-A-G)OH (15, 16) 40 ,l glass capillary pipettes and incubated for 50 hr at 680. The extent of hybridization was measured by digestion with SI nuclease (19) . Intrinsic Si resistance of the 3H-labeled DNA was 22%. The specificity and fidelity of hybridization of these DNA transcripts to AMV RNA was also determined. No increase in Si resistance was observed when the homopolymer poly(adenylic acid) was substituted for the AMV RNA fragments in the hybridization mixtures, indicating that the DNA transcripts were hybridizing to heteropolymeric regions of the RNA. Furthermore, the hybridization was specific, since the DNA transcripts would only hybridize to avian oncornavirus RNA. The fidelity of hybridization between the DNA transcripts and AMV RNA was also determined by denaturation studies of the hybrid structures formed. The melting temperature, Tm, (88°, 0.3 M NaCl) of the hybrids was identical to that of total cDNA-AMV 70S RNA hybrid complexes, indicating little, if any, mismatching during the hybridization reactions. Fig. 2 , was subjected to electrophoresis in a 10% polyacrylamide gel (Fig. 3) . The DNA was eluted from the regions of the gel indicated by-the bars in Fig. 3 as previously described (14) , and then hybridized to either total poly(A)-containing fragments of the AMV genome or fragments less than 4500 nucleotides in size (<28 S) and tested for Si nuclease resistance as described in Fig. 2B . As a control for the amount of DNA reassociation occurring during hybridization, a sample of DNA was incubated under the hybridization conditions in the absence of AMV RNA. t Heptanucleotide-labeled DNA was synthesized in reconstituted reactions as follows. Reaction mixtures, containing 6-8 Aig/ml of reconstituted AMV RNA-primer complexes (primer was annealed to poly(A)-containing AMV RNA as described in the Materials and Methods), three 3H-labeled deoxynucleoside triphosphates, dTTP, dATP, and dGTP at 3.3 MM, and purified AMV DNA polymerase, were incubated for 15 min at 37°. After the incubation period a large excess of all four unlabeled deoxynucleoside triphosphates (2 mM) was added to the reactions, which were incubated at 37°for 60 additional minutes. The reactions were terminated by the addition of sodium dodecyl sulfate/Pronase, phenol extracted, ethanol precipitated, and subsequently alkali treated. Hybridization was performed as described in footnote*.
contain nucleotide sequences complementary to the 3' terminus of the genome. One possible interpretation of these observations is that the 5' and 3' termini of the avian oncornavirus. genome are juxtaposed and transcription therefore proceeds from the primer RNA to the 5' end and continues on the 3' end of the genome. Since only 35S RNA or fragments thereof were employed in these studies it is clear that these observations were not the result of transcription of the 5' end of one 35S subunit species and the 3' end of another in the 70S RNA complex. One major difficulty with the aforementioned interpretation of the data, however, is that the AMV DNA polymerase would have to bridge a gap between the 5' and 3' termini of the genome RNA in order for transcription to occur on the 3' end. Since no DNA polymerase studied to date is capable of continuing DNA synthesis after it reaches a nick or gap in the template, it would have to be postulated that an RNA ligase (17) is required to join the ends of the genome prior to transcription of the 3' terminus.
Another interpretation of the data presented in this communication is that the DNA transcripts are synthesized on the 5' end of a linear molecule but that the genome RNA is terminally redundant and therefore the 3' end contains nucleotide sequences complementary to the DNA transcribed from the 5' end. In this model it is possible that the RNA genome circularizes shortly after DNA synthesis has begun, and might involve the initial DNA product at the 5' end of the genome associating with the terminally redundant complementary nucleotide sequences at the 3' end (M. S. Collett, 
